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We have investigated the low-temperature magnetoresistive properties of a thin epitaxial Pdg goFe( g film at different directions of

the current and the applied magnetic field. The obtained experimental results are well described within an assumption of a single-

domain magnetic state of the film. In a wide range of the appled field directions, the magnetization reversal proceeds in two steps

via the intermediate easy axis. An epitaxial heterostructure of two magnetically separated ferromagnetic layers, Pdg 9oFeq gg/Ag/

Pdj 96Feq g4, was synthesized and studied with dc magnetometry. Its magnetic configuration diagram has been constructed and the

conditions have been determined for a controllable switching between stable parallel, orthogonal, and antiparallel arrangements of

magnetic moments of the layers.

Introduction

The generation of the long-range triplet component of the
superconducting pairing at noncollinear orientations of magneti-
zation in ferromagnetic layered systems is extensively studied
in the framework of magnetic Josephson junctions (MJJs) ([1-3]

for early works, and [4,5] for very recent papers), and supercon-

ductive spin valves (SSVs) [6-9]. The key points of the under-
lying physics are non-uniform magnetic configurations in the
system that mix singlet and triplet superconducting pairing
channels. As a result, at collinear magnetic configurations,

short-range singlet and zero-spin-projection triplet pairings
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carry the Josephson supercurrent in MJJs. At non-collinear
magnetic configurations, on the contrary, long-range equal-spin
pairings can conduct the supercurrent in MJJs with much
thicker or long narrow weak links. This gives additional degrees
of freedom to control the critical current of MJJs [10] or SSVs
[6], or current—phase relations in MJJs [11,12]. In particular, the
spin-valve structure embedded into a MJJ can serve as an actu-
ator for switching the MJJ between critical current modes or
flipping its current—phase relation, thus, extending its function-

ality.

Palladium—iron alloys Pd;_.Fe, with x < 0.10 are of strong
practical interest for such MJJ and SSV structures [13-17] as a
material for weak ferromagnetic links with tunable magnetic
properties [18]. Epitaxial films of Pd;_,Fe, alloys with low iron
content x are easy-plane ferromagnets with four-fold anisotropy
in the film plane [18,19]. Our conjecture is a possibility to
switch the magnetic moment of a Pd;_,Fe, alloy film between
the steady directions (90° apart) as it had been done with
epitaxial iron films [20-22]. To realize this idea, it is necessary
to find the particular angle of the applied magnetic field direc-
tion with respect to the in-plane four-fold easy axes. Once the
conditions of magnetization rotation by 90° are found, the addi-
tion of the second, magnetically more hard ferromagnetic layer
with properly aligned in-plane easy axes makes it possible to
achieve parallel, orthogonal, and antiparallel configurations of
their magnetic moments. Such a heterostructure can serve as a
magnetic actuator for switching the MJJ from the singlet
conduction mode to the triplet conduction mode and vice versa.

The experimental rotation of the magnetic moment by 90° in
epitaxial Pd;_,Fe, films has not been yet explored. In [18,19],
based on magnetometry data, it was assumed that magnetiza-
tion reversal occurs as a result of the coherent rotation of the
magnetic moment by 180°; and in the study of the Pdy ggFeg o4/
VN/Pdj gpFeq g structure [23], stable parallel and antiparallel
configurations of magnetic moments were obtained. However,
the maximum amplitude of the triplet pairing component in the
PdFel/N/PdFe2 bilayer structure is achieved near the orthogo-
nal magnetic configuration of the ferromagnetic layers PdFel
and PdFe2 [6]. Therefore, it is instructive to investigate the
switching properties of Pd;_,Fe, films and heterostructures
based on this alloy targeting the controllable non-collinear mag-

netic configurations in the bilayer structure.

Experimental

An epitaxial film of the Pdg goFeq og alloy with a thickness
of 20 nm and an epitaxial thin-film heterostructure
Pd0.92F60.08(20 nm)/Ag(ZO Hm)/Pd0_96F60_04(20 nm) were
grown in an ultrahigh-vacuum (UHV) apparatus (SPECS,

Germany) by molecular beam deposition. Epi-polished
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MgO(100) single-crystal plates (Crystal GmbH, Germany) were
used as substrates. The deposition routine and structural studies
of similar films are described in [24], the magnetic properties
measured by ferromagnetic resonance (FMR) and vibrating
sample magnetometry (VSM) in magnetic fields along the easy
and hard magnetic axes are presented in [18,19].

In this paper, the magnetization reversal in the Pdg goFe( g film
at different in-plane orientations of the magnetic field was
studied by measuring the anisotropic magnetoresistance (AMR)
using the four-probe method. For this purpose, the Pdg goFeq og
film was cut with a diamond saw into stripe-like pieces. In the
first sample the current flowed along the {(100) direction of the
Pd 9oFe( og film (sample S00), in the second sample at an angle
of 25° with respect to the (100) direction (sample S25). The
current contacts were ultrasonically welded at several locations
in a line across the width of the sample to ensure a uniform cur-
rent distribution throughout the core part of the sample supplied
with the potential terminals.

The magnetic hysteresis loops for the Pdg 9oFeq 0g(20 nm)/
Ag(20 nm)/Pdg ggFeq.04(20 nm) heterostructure were obtained
via vibrational sample magnetometry since the AMR measure-
ment for this system is useless due to a short cut by the silver
layer. All AMR and VSM experiments were carried out with
the PPMS-9 system (Quantum Design).

Results

Current along the [100] direction

We start with the presentation of the results for a sample SO0 of
the Pdg goFeq gg film where the electrical current flowed along
the [100] direction of the film (and the substrate). The refer-
ence frame orientation with respect to the sample is shown in
the insets in Figure 1. When measuring the magnetoresistance,
the magnetic field was applied at different angles in three main
planes as shown in Figure 1. At any orientation, on approaching
zero field, the resistivity returns to a common value of approx.
15.8 uQ-cm, corresponding to the magnetic moment along the
easy axes (see more details below). The resistivities hierarchy
for the magnetic moment oriented along the X-, Y-, and Z-axes,
Px > Py > p;, is typical for ferromagnetic films of comparable
thickness [25]. The difference in resistances p, and p, (magnet-
ic field perpendicular to the current) is usually associated with
the geometrical size effect [26]. A detailed study of the size
effect for the Pd() gpFe g film is beyond the scope of this study.

In addition to the anisotropic magnetoresistance associated with
the mutual orientations of the magnetic moment and the direc-
tion of the current, there is a resistance drop with an increase of
the magnetic field strength, that is, the negative magnetoresis-

tance. The latter effect is related to a decrease in electron-
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Figure 1: Dependence of the resistivity on the magnetic field at its different orientations, T = 5 K. The field is varied from its maximum value to zero.
Circles indicate the experimental data, lines indicate the results of the modeling following Equation 2.

magnon scattering due to the suppression of spin waves in high
magnetic fields [27]. At low temperatures, this effect is usually
small, and a positive magnetoresistance caused by the action of
the Lorentz force dominates [27,28]. However, in the
Pdj 9oFeq og epitaxial film, the electron mean free path is small
even at low temperatures and is determined by the mean dis-
tance between the iron atoms. Therefore, the Lorentzian contri-
bution is small, and even at 5 K, the negative magnetoresis-
tance is observed. As the temperature is increased, the number
of magnons grows, thereby leading to a larger negative slope
Ap/AH (Figure 2a). A theoretical description of this process for
elemental 3d ferromagnets was proposed in [27]. The depen-
dence of the resistance on a magnetic field up to 100 T is de-
scribed by the expression:

BT . (ugB

where D(T) =~ Dy — AT? determines the increase in the effective
mass of magnons with increasing the temperature. The depen-
dence Ap, (H) =ApAMR * AP, is shown in Figure 2a, where
ApamRr is the contribution from the anisotropic magnetoresis-
tance. It is seen that Equation 1 describes the experimental
results quite well. In the inset of Figure 2a, the variation of the
slope of Ap, with temperature is shown. It reaches the
maximum value at the Curie temperature T¢ = 230 K according
to the magnetometry data.

At a fixed magnetic field and temperature, the resistance value
reflects the direction of the magnetic moment in space. In a
spherical coordinate system, the resistance is described by the
following expression [29]:

2 2 ;2
P((PM=9M>H)=(P;CCOS Py TPy SN (PM)Sln Om
@3
+p, cos? 0y, +Ap,, (H),
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Figure 2: (a) Dependence of the resistivity Ap, on the magnetic field strength at different temperatures. Inset: a variation of the (py(10 kOe) —
px(0.5 kOe))/9.5 kOe slope with temperature. Lines are drawn using the model of Equation 1. (b) Dependence of the resistance on the orientation of
the magnetic field at T = 5 K. The contribution from the electron—magnon scattering is subtracted. Lines are drawn using the model of Equation 2.

where py, py, and p; are the resistivities for the cases of the mag-
netic moment oriented along the X-, Y-, and Z-axes, respective-
ly. The contribution from the electron—magnon scattering is
subtracted for each of py, py, and p,. Angles 6y and @y are
referenced relative to the [001] and [100] axes, respectively.

For a theoretical description of the dependencies p(H),
p(¢y, Of) presented in Figure 1 and Figure 2b, we used an ap-
proach similar to the Stoner—Wolfarth one for a single-domain
magnetic system. According to [18], the Pdy goFeq og epitaxial
film is the easy-plane system; the magnetocrystaline energy of
the film can be written in terms of the cubic anisotropy with
small tetragonal distortion. In addition, based on the guess
simulations, an importance of the uniaxial anisotropy in the film
plane became obvious:

E=-M-H+2tMJo3 - K 03 - K07

3)
1 4 4 4 1 4 (
_EKl(al +(X2 +(X3)_§K2(13 .

where o; are directional cosines for the magnetic M with respect
to crystallographic axes [100], [010], [001] of the film, o, is the
cosine of the angle between M and the direction of the uniaxial
anisotropy axis, K, is the in-plane uniaxial anisotropy constant.
As a result of the parameter adjustment, a good agreement of
the theoretical dependences with the experimental data was
achieved (Figure 1 and Figure 2b), indicating correctness of
the models, Equation 2 and Equation 3. The values of the
anisotropy constants, obtained by the fitting, are K, =
-190 kerg/cm? for the perpendicular anisotropy term, K; =

~20 kerg/cm? for the cubic term, and K, = —20 kerg/cm? for the
tetragonal term, in good agreement with the values obtained
from the FMR data analysis [18]. The uniaxial anisotropy is
directed along [100], and its magnitude is K, = 5 kerg/cm3. It
should be noted that the occurrence of uniaxial anisotropy is not
related to the shape of the samples. We further explored this by
measuring the AMR and FMR of different square Pdg goFe( og
samples and obtained the uniaxial anisotropy both along the
[100] and [-110] axes. The origin of the uniaxial anisotropy
term is not clear at the moment. Based on the values of the
anisotropy constants, we can conclude that our film is a system
with easy axes lying in the plane of the film and close to [110]
({110)) (approx. 38° relative to [100], see Figure 3b).

In the following, we denote the measured resistivity by pyy, pxz,
and Pyzs with the magnetic field applied in the XY-, XZ-, and
YZ-planes, respectively. The angles are defined in the top insets
in Figure 1. Let us consider in more detail the dependence of py,
on the magnetic field applied at g = 6° (Figure 3a). The mea-
surement started from the saturation in the positive direction of
the field (not shown). This direction is close to the hard axis;
therefore, on the field value decrease, at its certain value of
approx. 300 Oe, the magnetic moment starts to rotate coher-
ently from the direction of the field towards the easy axis (see
Figure 3a,b). At zero field, the moment is oriented along the
easy axis. At small negative fields, the resistance experiences
two abrupt jumps at —20 Oe and at —67 Oe. Such double jumps
were observed in the p,,(H) dependence for a wide range of
angles @y of the applied magnetic field. The magnitude of the

magnetic field, at which the jumps occur, depends on the direc-
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Figure 3: Dependences of the resistivity on the applied magnetic field for (a) gy = 6°, 8y = 90° and (c) ¢y = 0°, By = 7°; points: experimental data,
lines: results of the modelling with Equation 2 and Equation 3. (b) Rotation of the magnetic moment of the film (within the same model) for ¢y = 6°,
By = 90°; the vectors show the direction of the moment at different values of the magnetic field (for the black vectors, the step is 100 Oe, while for the
red ones it is —20 Oe); insert: the geometry of the experiment. (d) Rotation of the magnetic moment of the film (within the model) in space at ¢y = 0°,
By = 7°; (for the black vectors the step is 2 kOe, while for the red ones -0.2 kOe). Green arrows in all figures denote a smooth change in the direc-

tion of the magnetic moment, brown: magnetization direction jumps.

tion of the field. Modeling of such a scenario (Figure 3a) brings
us to the conclusion that these jumps in p,,(H) originate from
two successive turns between the directions adjacent to the easy
axes, as shown in Figure 3b.

The double jump also manifests itself in the dependences of
pxz(H) and py,(H). As an example, the dependence of py; on the
magnetic field applied at 6y = 7° and a modelled process of the
magnetization reversal are shown in Figure 3c and 3d, respec-
tively. Since the projection of the magnetic field onto the film
plane is small (H, ~ 0.12H,,), the coercive field values are in-

creased and the double jumps becomes smeared.

Current at an angle to [100] direction, field H
in the XY plane

For the sample S25, with a current directed at an angle of
approx. 25° to the [100] axis, the double jumps are manifested
much brighter (Figure 4a), since in this case, the easy axes are
not equivalent in terms of the measured resistance. At the same
time, the relative magnitude of the AMR effect (Apyy/pyy)-100%
turns out to be less pronounced than with the current along the
hard axis [100], that is, 0.45% and 1.22%, respectively. This is
in a qualitative agreement with the experiments on AMR of
epitaxial iron films, where the AMR effect was also maximal

when the current direction was along the hard axis [30].
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Figure 4: (a) Dependences of the resistivity px, on the applied magnetic field for different angles ¢y (measured from [100]) at T = 5 K; points: experi-
mental data, lines: results of the modelling with Equation 2 and Equation 3. (b) Rotation (within the model) of the magnetic moment of the film with a

step of 20 Oe for ¢y = 90.5° under the field variation from +500 Oe to -500 Oe; insert: the geometry of the experiment. (c) Dependence of the resis-
tance at zero fields on the direction of the applied field; insert: the calculated fraction of the film material with the magnetic moment rotated clockwise

to a semi-easy axis.

For the theoretical description of the p,y(H) dependences, the
constant of the in-plane uniaxial anisotropy K, and its direction
were adjusted (leaving all the other parameters the same as for
the previous sample). The easy axis of the uniaxial anisotropy
was found along the [—-110] direction (see the inset to
Figure 4b) with K, = 1 kerg/cm?. The model of the single-
domain equilibrium state of the system describes well the ex-
perimental py,(H) dependences (Figure 4a), except for the
angles adjacent to the hard axis (see more details below).

A superimposed uniaxial anisotropy makes the [-110] direction
easier than the [110] one. Therefore we call the latter the semi-
easy axis. This significantly modifies the process of the magne-
tization reversal (compared with the first sample, where the
easy axes were equivalent) when the magnetic field is applied
along the easy axes. If the field is applied along the semi-easy
axis, the magnetization reversal occurs in two jumps (Figure 4a,
¢y = 42.5°), in the other case, the magnetization reversal occurs
in one jump (Figure 4a, ¢y = 132.5°). Recall that for AMR, the
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magnetic moment rotation by 180° does not lead to any change
in resistance, therefore, a one-jump magnetization reversal

manifests itself in an absence or only a small drop in resistance.

By measuring the residual resistance (after field removal), it is
possible to realize which easy axis was chosen by a system
(Figure 4c). Near the direction of the heavy axis, there is a tran-
sition from the counter-clockwise rotation to the clockwise one.
This transition spans over a notable range of angles. For exam-
ple, within the angle range of 82-90°, in the course of the mag-
netization reversal, one fraction of the film rotates its moment
clockwise, while the other rotates counter-clockwise (Figure 4c,
inset).

As follows from Figure 4a, the coercive fields corresponding to
the first step of the reversal (H.;) and, especially, to the second
one (Hp) depend significantly on the direction of the applied
field. Figure Sa illustrates this relationship. A detailed explana-
tion of this behavior was proposed in [21]. It suggested the
successive movements of two 90° domain walls. The values of
the coercive fields are determined by the conditions when the
energy gain due to a moment rotation overcomes the wall
pinning energy:

8‘)Odeg s Ku

Heer = M(icos((PH _%)iSin((PH _%))

C)

For the Pdy g Feq g film, this model describes well the depen-
dence of H¢1(¢g) at €gpgeg = 6 kerg/cm3. However, for the

values of H,, the 90° domain wall model is not suitable. This is

O Invisible one jump
¢ Visible one jump

90 135 180

¢y (degree)
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because at the second jump the domain wall, in fact, is not the
90° type, the difference in the angles in the wall Ay, is much
smaller than 90° (see Figure 4b). Moreover, it depends on the
angle of the applied field. Based on the experimental data for
H»(op), this dependence can be calculated. Figure 5Sb shows
the obtained dependences A@ys(¢g). It can be seen that as the
hard axis is approached, the amplitude of the rotation angle of
the moment in the domain wall decreases. In this situation, it is
no longer possible to assert that the pinning energy is constant
since it decreases with decreasing the angle difference in the

domain wall.

For the field directions close to the hard axis (for example, at
¢y = 87-90°), it is generally difficult to describe the magnetiza-
tion reversal, since the volume of the material is divided into
two fractions that rotate their moments in opposite directions. In
addition, at the field strengths of the second jump in magnetiza-
tion, the height of the barrier for the coherent rotation also
becomes insignificant. Therefore, in this range of angles, mag-
netization reversal is potentially possible by the macroscopic

coherent rotation of the magnetic moment of the film.

Discussion

The dependences of Hj ¢2(¢g) obtained in this work for the
Pdj 9oFeq og film confirm the conjecture that three steady mag-
netic configurations, parallel (P), anti-parallel (AP), and orthog-
onal (OG) can be realized in the epitaxial PdFel/N/PdFe2
heterostructure by choosing the appropriate magnetic field
direction and varying the applied magnetic field pulse ampli-
tude. An important condition for this is an absence of a substan-
tial magnetic interaction between the PdFel and PdFe2 layers.

It is achieved by introducing the non-magnetic spacer layer N of
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Figure 5: (a) Dependences of the coercive fields of the two jumps (H¢1 and Hcp) on the direction of the applied magnetic field at T = 5 K; lines: the
model of Equation 4. (b) Dependence of the magnetic moment rotation angle within the particular jump on the direction of the applied field.
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silver satisfying the epitaxial growth conditions. The different
coercive fields were obtained choosing the Pd g,Feq g and
Pdg.9gFep g4 compositions for the ferromagnetic PdFel and
PdFe2 layers [18]. Figure 6 shows magnetic hysteresis loops of
the Pdg goFeq gg/Ag/Pdg 9Feq 04 heterostructure for magnetic
field angles of 40°, 30°, and —30° degrees relative to the [100]
direction. For an angle of 40°, the minor loops show the
switching sequence of P - OG — AP, for 30°, P — OG, and
for =30°, P —» AP. The analysis of the magnetic hysteresis

1.0
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loops at different angles of the applied magnetic field makes it
possible to build a magnetic configuration diagram for this
heterostructure (Figure 7a). As one can see, there are quite large

regions of various stable P, OG, and AP states.

An analysis of the angular dependences of H.(¢g), Figure 7a,
allows us to conclude that the pinning energy for the
Pdy.94Feg 04 film is much lower (about €9pgeg ~ 1.8 kerg/cm?)
than for the Pdg g5Fe( g film (g9pdeg = 6 kerg/cm3). Moreover,

Figure 6: Magnetic hysteresis loops for the Pdg goFeg.0s/Ag/Pdo.gsFe0.04 heterostructure at T = 5 K at an angle of 40° with respect to [100] (inset: the

same for angles of 30° and -30°).
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Figure 7: (a) Dependences of the coercive fields of the Pdg goFeg.0s/Ag/Pdg.gsFeq.04 heterostructure on the angle of the applied magnetic field rela-
tive to the [100] axis at T = 5 K. The symbols are experimental values (red: Pdg gsFeg.04, blue: Pdg goFeq os, solid: Hc1, open: Hep), the lines represent
the calculations. (b) Time dependence of the reduced moment for a magnetic field at an angle of 40° to [100]; arrows in the inset show the path from

point A (P) to points B (OG) further to C (mixed AP+0OG).
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in our Pdg gpFeq gg/Ag/Pdg g¢Feq.04 heterostructure, the
Pdg g¢Feg o4 layer has a significant uniaxial anisotropy
Ky =1 kerg/cm3) along the [-110] direction, while in the
Pdg 9pFeq gg layer it is practically absent.

Low temperatures and single-domain state (or bi-domain at
magnetization reversal along a hard axis) of the magnetic film
ensure the stability of the obtained magnetic configurations.
Figure 7b shows the time evolution of the reduced moment
depending on the history of the evolution of the applied magnet-
ic field (inset to Figure 7b). The system was brought to point B
(OG state) by sweeping the magnetic field in the following
order: 50 Oe — -5 Oe — 0 Oe; to point C (mixed AP+OG
state): 0 Oe — —36 Oe. In both cases, on a time scale of approx.
1000 s, there are no noticeable changes in the magnetic moment
of the steady states of the heterostructure. This is fundamen-
tally different from the dynamics of the magnetization of the
polycrystalline Pdg ggFe o1 film, in which significant demagne-
tization occurred on a time scale of approx. 100 s [31].

Conclusion

Detailed measurements of the magnetoresistance have shown
that the Pdg goFeq og epitaxial film, being an easy-plane ferro-
magnet with a pronounced in-plane anisotropy, undergoes mag-
netization switching between two (with collinear magnetization
directions) or three (including orthogonal to the previously indi-
cated two directions) single-domain states depending on the
direction of the applied magnetic field. In the latter case, the
magnetization reversal proceeds in two distinct stages, the first
stage being the motion of the 90° domain wall, and the second
one is the motion of the angle-¢ domain wall, where the angle ¢
depends on the angle of the applied field relative to crystallo-
graphic axes. The pinning energy of the 90° domain wall is
approx. 6 kerg/cm3 for the Pdg g9oFeq og film, and approx.
1.8 kerg/cm? for the Pdg gsFeq g4 film. The use of two magnetic
layers PdFel and PdFe2 with different coercive fields, separat-
ed by a nonmagnetic spacer N, makes it possible to realize
parallel, orthogonal, and antiparallel configurations of magnet-
ic moments. It has been experimentally demonstrated that the
Pdg 9oFeq gg/Ag/Pdg 96Feg g4 heterostructure can switch be-
tween P, OG, and AP steady magnetic configurations in the film
plane by rotating the magnetic moment of the soft magnetic
layer with respect to the magnetically harder layer.

Funding

YIV, GAI and YRV acknowledge the subsidy allocated to
Kazan Federal University for the state assignment in the sphere
of scientific activities No. FZSM-2020-0050. LRT thanks the
support by a state assignment no. AAAA-A18-118030690040-8
to the Federal Research Center of Kazan Scientific Center of the

Russian Academy of Sciences.

Beilstein J. Nanotechnol. 2022, 13, 334-343.

ORCID® iDs

Igor V. Yanilkin - https://orcid.org/0000-0002-8879-8904
Amir |. Gumarov - https://orcid.org/0000-0002-7250-4377
Roman V. Yusupov - https://orcid.org/0000-0002-7516-2392
Lenar R. Tagirov - https://orcid.org/0000-0002-1549-7940

Preprint
A non-peer-reviewed version of this article has been previously published
as a preprint: https://doi.org/10.3762/bxiv.2021.93.v1

References

1. Eschrig, M. Phys. Today 2011, 64 (1), 43. doi:10.1063/1.3541944

2. Eschrig, M. Rep. Prog. Phys. 2015, 78, 104501.
doi:10.1088/0034-4885/78/10/104501

3. Linder, J.; Robinson, J. W. A. Nat. Phys. 2015, 11, 307-315.
doi:10.1038/nphys3242

4. Kapran, O. M;; lovan, A.; Golod, T.; Krasnov, V. M. Phys. Rev. Res.
2020, 2, 013167. doi:10.1103/physrevresearch.2.013167

5. Bhatia, E.; Srivastava, A.; Devine-Stoneman, J.; Stelmashenko, N. A.;
Barber, Z. H.; Robinson, J. W. A.; Senapati, K. Nano Lett. 2021, 21,
3092-3097. doi:10.1021/acs.nanolett.1c00273

6. Fominov, Y. V.; Golubov, A. A.; Karminskaya, T. Y.; Kupriyanov, M. Y ;
Deminov, R. G.; Tagirov, L. R. JETP Lett. 2010, 91, 308-313.
doi:10.1134/s002136401006010x

7. Leksin, P. V.; Garif'yanov, N. N.; Garifullin, I. A.; Fominov, Y. V.;
Schumann, J.; Krupskaya, Y.; Kataev, V.; Schmidt, O. G.; Bichner, B.
Phys. Rev. Lett. 2012, 109, 057005.
doi:10.1103/physrevlett.109.057005

8. Zdravkov, V. |.; Kehrle, J.; Obermeier, G.; Lenk, D.;
Krug von Nidda, H.-A.; Mdller, C.; Kupriyanov, M. Y.; Sidorenko, A. S.;
Horn, S.; Tidecks, R.; Tagirov, L. R. Phys. Rev. B 2013, 87, 144507.
doi:10.1103/physrevb.87.144507

9. Kamashev, A. A.; Garifyanov, N. N.; Validov, A. A.; Schumann, J.;
Kataev, V.; Blichner, B.; Fominov, Y. V.; Garifullin, I. A.
Beilstein J. Nanotechnol. 2019, 10, 1458-1463.
doi:10.3762/bjnano.10.144

10.Houzet, M.; Buzdin, A. |. Phys. Rev. B 2007, 76, 060504.
doi:10.1103/physrevb.76.060504

11.Golubov, A. A.; Kupriyanov, M. Y.; Ilichev, E. Rev. Mod. Phys. 2004,
76, 411-469. doi:10.1103/revmodphys.76.411

12. Soloviev, I. I.; Klenov, N. V.; Bakurskiy, S. V.; Kupriyanov, M. Y.;
Gudkov, A. L.; Sidorenko, A. S. Beilstein J. Nanotechnol. 2017, 8,
2689-2710. doi:10.3762/bjnano.8.269

13.Larkin, T. I.; Bol'ginov, V. V.; Stolyarov, V. S.; Ryazanov, V. V;
Vernik, I. V.; Tolpygo, S. K.; Mukhanov, O. A. Appl. Phys. Lett. 2012,
100, 222601. doi:10.1063/1.4723576

14.Ryazanov, V. V.; Bol'ginov, V. V.; Sobanin, D. S.; Vernik, I. V.;
Tolpygo, S. K.; Kadin, A. M.; Mukhanov, O. A. Phys. Procedia 2012,
36, 35—41. doi:10.1016/j.phpro.2012.06.126

15. Vernik, I. V.; Bol'ginov, V. V.; Bakurskiy, S. V.; Golubov, A. A.;
Kupriyanov, M. Y.; Ryazanov, V. V.; Mukhanov, O. A.
IEEE Trans. Appl. Supercond. 2013, 23, 1701208.
doi:10.1109/tasc.2012.2233270

16. Niedzielski, B. M.; Diesch, S. G.; Gingrich, E. C.; Wang, Y.; Loloee, R.;
Pratt, W. P., Jr.; Birge, N. O. IEEE Trans. Appl. Supercond. 2014, 24,
1800307. doi:10.1109/tasc.2014.2311442

342


https://orcid.org/0000-0002-8879-8904
https://orcid.org/0000-0002-7250-4377
https://orcid.org/0000-0002-7516-2392
https://orcid.org/0000-0002-1549-7940
https://doi.org/10.3762/bxiv.2021.93.v1
https://doi.org/10.1063%2F1.3541944
https://doi.org/10.1088%2F0034-4885%2F78%2F10%2F104501
https://doi.org/10.1038%2Fnphys3242
https://doi.org/10.1103%2Fphysrevresearch.2.013167
https://doi.org/10.1021%2Facs.nanolett.1c00273
https://doi.org/10.1134%2Fs002136401006010x
https://doi.org/10.1103%2Fphysrevlett.109.057005
https://doi.org/10.1103%2Fphysrevb.87.144507
https://doi.org/10.3762%2Fbjnano.10.144
https://doi.org/10.1103%2Fphysrevb.76.060504
https://doi.org/10.1103%2Frevmodphys.76.411
https://doi.org/10.3762%2Fbjnano.8.269
https://doi.org/10.1063%2F1.4723576
https://doi.org/10.1016%2Fj.phpro.2012.06.126
https://doi.org/10.1109%2Ftasc.2012.2233270
https://doi.org/10.1109%2Ftasc.2014.2311442

17.Glick, J. A.; Loloee, R.; Pratt, W. P.; Birge, N. O.
IEEE Trans. Appl. Supercond. 2017, 27, 1-5.
doi:10.1109/tasc.2016.2630024

18. Esmaeili, A.; Yanilkin, I. V.; Gumarov, A. |.; Vakhitov, I. R.;
Gabbasov, B. F.; Yusupov, R. V.; Tatarsky, D. A.; Tagirov, L. R.
Sci. China Mater. 2021, 64, 1246—1255.
doi:10.1007/s40843-020-1479-0

19. Esmaeili, A.; Vakhitov, I. R.; Yanilkin, I. V.; Gumarov, A. |;
Khaliulin, B. M.; Gabbasov, B. F.; Aliyev, M. N.; Yusupov, R. V.;
Tagirov, L. R. Appl. Magn. Reson. 2018, 49, 175-183.
doi:10.1007/s00723-017-0946-1

20.Cowburn, R. P.; Gray, S. J.; Ferré, J.; Bland, J. A. C.; Miltat, J.
J. Appl. Phys. 1995, 78, 7210-7219. doi:10.1063/1.360431

21.Zhan, Q.-f.; Vandezande, S.; Temst, K.; Van Haesendonck, C.
New J. Phys. 2009, 11, 063003. doi:10.1088/1367-2630/11/6/063003

22.Mallik, S.; Chowdhury, N.; Bedanta, S. AIP Adv. 2014, 4, 097118.
doi:10.1063/1.4895803

23. Yanilkin, I. V.; Mohammed, W. M.; Gumarov, A. L.; Kilamov, A. C.;
Yusupov, R. V.; Tagirov, L. R. Nanomaterials 2021, 11, 64.
doi:10.3390/nano11010064

24.Esmaeili, A.; Yanilkin, I. V.; Gumarov, A. |.; Vakhitov, I. R.;
Gabbasov, B. F.; Kilamov, A. G.; Rogov, A. M.; Osin, Y. N;
Denisov, A. E.; Yusupov, R. V.; Tagirov, L. R. Thin Solid Films 2019,
669, 338-344. doi:10.1016/j.tsf.2018.11.015

25.Jia, M.; Zeng, F.; Xiao, X.; Zhou, C.; Hu, X.; Wu, Y.
J. Magn. Magn. Mater. 2020, 508, 166863.
doi:10.1016/j.jmmm.2020.166863

26.Gil, W.; Gérlitz, D.; Horisberger, M.; Kétzler, J. Phys. Rev. B 2005, 72,
134401. doi:10.1103/physrevb.72.134401

27.Raquet, B.; Viret, M.; Sondergard, E.; Cespedes, O.; Mamy, R.
Phys. Rev. B 2002, 66, 024433. doi:10.1103/physrevb.66.024433

28.van Gorkom, R. P.; Caro, J.; Klapwijk, T. M.; Radelaar, S. Phys. Rev. B

2001, 63, 134432. doi:10.1103/physrevb.63.134432
29.Kachlon, Y.; Kurzweil, N.; Sharoni, A. J. Appl. Phys. 2014, 115,
173911. doi:10.1063/1.4874217
30. Tondra, M.; Lottis, D. K.; Riggs, K. T.; Chen, Y.; Dahlberg, E. D.;

Prinz, G. A. J. Appl. Phys. 1993, 73, 6393-6395. doi:10.1063/1.352607

31.Uspenskaya, L. S.; Khlyustikov, I. N. J. Exp. Theor. Phys. 2017, 125,
875-878. doi:10.1134/s1063776117100090

Beilstein J. Nanotechnol. 2022, 13, 334-343.

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.13.28

343


https://doi.org/10.1109%2Ftasc.2016.2630024
https://doi.org/10.1007%2Fs40843-020-1479-0
https://doi.org/10.1007%2Fs00723-017-0946-1
https://doi.org/10.1063%2F1.360431
https://doi.org/10.1088%2F1367-2630%2F11%2F6%2F063003
https://doi.org/10.1063%2F1.4895803
https://doi.org/10.3390%2Fnano11010064
https://doi.org/10.1016%2Fj.tsf.2018.11.015
https://doi.org/10.1016%2Fj.jmmm.2020.166863
https://doi.org/10.1103%2Fphysrevb.72.134401
https://doi.org/10.1103%2Fphysrevb.66.024433
https://doi.org/10.1103%2Fphysrevb.63.134432
https://doi.org/10.1063%2F1.4874217
https://doi.org/10.1063%2F1.352607
https://doi.org/10.1134%2Fs1063776117100090
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.13.28

	Abstract
	Introduction
	Experimental
	Results
	Сurrent along the [100] direction
	Current at an angle to [100] direction, field H in the XY plane

	Discussion
	Conclusion
	Funding
	ORCID iDs
	Preprint
	References

